Polarimetric measurement can gain more object information when compared to traditional methods. Linear polarization ratio (LPR) of the millimeter-wave thermal emission has been presented recently and proved to be effective in material classification. The LPR classification technique can be used for the metal detection in the soil and concrete ground. The roughness has not been considered in analysing LPR properties and it may affect the classification performance. In this paper, we focus on the influence of surface roughness on LPR. By solving scattering problem, the LPR properties of different roughness parameters are investigated. Theoretical calculations indicate that the LPR value decreases with the increasing of surface roughness. In addition, the applicable scope of LPR classification technique to discriminate rough surfaces is discussed.
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Introduction
Passive millimetre-wave (PMMW) imaging has been applied to many fields such as remote sensing and security detection on account of its excellent applicability in all time and penetrability in fog, smoke, clothing and so on [1, 2] . PMMW polarimetric measurement is an active field because it can acquire some additional information that complements the insufficiency of other electromagnetic radiation attributes. By this way, the information we can get includes not only traditional radiation attributes (i.e., intensity and spectrum), but also polarization parameters such as degree of polarization, angle of polarization, degree of linear polarization and so on [3] . Polarization parameters can be used for contrast enhancing in target detection [4] , man-made object imaging [5] and material classification [6] .
More recently, linear polarization ratio (LPR) has been presented to be a new feature discriminator for material classification, which is effective for distinguishing between metals and dielectrics [7] . Possible applications of LPR classification technique mainly include metal target detection in open scenes such as reconnaissance and surveillance, search and rescue, ground navigation. In the previous work, the LPR properties of several materials are analyzed by using Fresnel equation of smooth surface. However, the measurement results [7] indicate that surface roughness can affect LPR distributions. When material surface is regarded as rough compared to electromagnetic wavelength, scattering should be taken into consideration. Thus, it is necessary to analyze the impact of surface roughness on LPR property.
LPR is the feature parameter in PMMW imaging, which is different from polarization ratio in active radar imaging. The latter one is the ratio of scattering coefficients in a certain direction [8] . The former one is the ratio of orthogonal polarization reflectivities (i.e., the integrations of scattering coefficients in all directions [9] ) and characters the thermal emission property in PMMW imaging. Much research has been done on studying the scattering properties of various types of terrain at millimeter-wave bands [10, 11] , but the LPR property of rough surface has not yet been studied after LPR is presented, especially the relationship between LPR and roughness parameters.
In this paper, soil and concrete are selected as the typical rough materials in many typical scenes. Because the detection of metal in the soil and concrete ground is the main application of LPR classification technique. The LPR expression of rough surface is deduced by using Kirchhoff approximation (KA) model to solve the scattering parameters. By analyzing the relationship between LPR and roughness parameters, the application scope of LPR classification technique for rough surfaces is discussed.
Fundamental theories
The LPR classification technique is based on LPR discriminator to distinguish between metal and dielectric materials. LPR is defined by the ratio of orthogonal polarization parameters, which can be written as [7] 
where i is the incident angle, e h ð i Þ and e v ð i Þ represent the horizontally and vertically polarised emissivity respectively, r h ð i Þ and r v ð i Þ denote the horizontally and vertically polarized reflectivity respectively. In the practical application of material classification, the optimal selection range of incident angle is from 60°to 70°(in particular, around 65°). The classification criterion is that the material with LPR ! represents a dielectric, while LPR < implies a metal (δ is the LPR threshold). LPR threshold is selected using a simple statistical method used in the previous paper [7] . By analyzing the statistical distribution of LPR image grey value, the LPR threshold is selected by the median of a special LPR range in which the LPR statistical count is the minimum. Specifically, we analyze the statistical distribution in many uniform LPR ranges (i.e., R i ¼ ½LPR mini ; LPR maxi , in which i is range number). Consequently, LPR threshold δ can be selected by
where LPR minp and LPR maxp are the lower and upper limit of a certain small LPR range (i.e., R p ¼ ½LPR minp ; LPR maxp ) in which the statistical count of LPR values is the minimum. According to the LPR priori information (LPR characteristics) analyzed in Ref. [7] , we require that R p ½1; 3.
In this paper, we consider soil and concrete as the typical materials in many typical scenes, e.g., metal detection in airfield ground. For soil and concrete, the surface height distribution function is usually Gaussian [9] . Fig. 1 illustrates a plane wave incident upon a Gaussian random rough surface whose RMS height is h and correlation length is l. b k i denotes the incident wave vector and b k s denotes the scattering wave vector. 0 , 0 is the dielectric parameter and magnetic permeability of air, r , r is the dielectric parameter and magnetic permeability of the ground. ð i ; i Þ and ð s ; s Þ represent the incident and scattering directions in spherical coordinate system.
The reflectivity of rough surface can be given by [9] 
where r pq means the bistatic scattering coefficient, p or q means polarization direction and they are horizontal or vertical polarization (h or v). r pp means p ¼ q and the bistatic scattering coefficient with the same polarization mode. The general formula to calculate r pq can be defined as
where A 0 is the irradiation area and R means the distance of observation point to the center of A 0 , E s pq is the electric field intensity of scattering field with different polarization modes, η is intrinsic impedance in the medium, Ã is complex conjugate symbol. As shown in Fig. 1 , incident and scattering both occurs in the region 1 (air), so s ¼ 1 . Re½Á is real number operation. The rough surface analyzed in this paper is azimuthally symmetric, so the relationship between the reflectivity and the azimuthal angles ( i and s ) can be neglected. We only consider the incident angles ( i and s ).
KA model is the widely used method to calculate the scatting parameters of Gaussian random rough surface [12, 13] . The application scope of KA is kl > 6 and l 2 > 2:76h [9] , where k is the wavenumber. According the typically measured data of published papers [14, 15, 16, 17, 18] , we can obtain the typical roughness scopes of soil and concrete. In this paper, we only analyze these typical kinds of roughness. For soil, the RMS height h ranges from millimeter-level to centimeterlevel, and the correlation length l ranges from centimeter-level to decimeter-level. For concrete, the difference of surface roughness is slight in general. The RMS height h ranges around decimillimeter-level, and the correlation length l ranges around centimeter-level. Therefore, KA model is utilized to analyze the scattering problem of soil and concrete at the millimeter-wave band (e.g., W band) in this paper.
The function of horizontal and vertical polarization reflectivity for Gaussian random rough surface has been deduced by Leung Tsang [19] . It can be expressed as
where 00 ð0Þ means the second order derivative of surface auto-covariance at the origin, and it can be expressed that 00 ð0Þ ¼ 2=l 2 , R h0 and R v0 are the Fresnel 
Calculated results
According to the equation (1) and (5), the 94 GHz LPRs of soil and concrete surface are calculated. The dielectric parameter of soil with 10% moisture is r ¼ 4:11 À j 0:35 [20, 21] , and that of concrete is r ¼ 6:20 À j 0:34 [22] . Fig. 2 illustrates the relationship between incident angle and LPR of different roughness. There is still a difference in LPR between dielectric and metal, even if the roughness is taken into consideration. In addition, it is clear that the roughness has significant effect on LPR. To explain the influence of roughness easily, mean square surface slop is introduced to describe the roughness, which is given by [19] 
We can obtain that LPR decreases with the increase of s 2 for the same materials. But all LPRs of rough surface are smaller than that of smooth surface. Each LPR curve has a peak angle. The variation of LPR is due to the difference in the polarization emissivity or reflectivity. As depicted in Fig. 3 , the emissivities of soil and concrete at 94 GHz are calculated by KA model and Fresnel equations. The LPR peak difference of soil is more significant than that of concrete. Because soil is usually rougher than concrete in the actual situations and the mean square surface slop s 2 of concrete is smaller than that of soil in our theoretical calculations.
For the same materials of different roughness, the difference of Brewster angles is slight. Therefore, there is the approximately equal peak angle for the same materials in Fig. 2 . The specific values of Brewster angles and LPR peak angles are listed in Table I and Table II . Two tables indicate that the LPR peak angle is very close to the Brewster angle, especially the concrete. The surface roughness (s 2 ) is smaller, the difference between the LPR peak angle and the Brewster angle is smaller. These phenomenons result from the formula difference between LPR and emissivity. Acorrding to the equation (1), a small e h and a big e v can get a big LPR. Brewster angle is the angle with the emissivity peak of vertical polarization (e v ), while LPR peak angle is the angle with the LPR peak. From the Fig. 3 , e h decreases with the increasing incident angle, while e v increases at the beginning and then decreases with the increasing of incident angle. When the incident angle reaches the Brewster angle, the LPR may not reach the peak. Because when the incident angle exceeds the Brewster angle slightly, e h is smaller than the one at the Brewster angle and the descent rate of e h is bigger than that of e v . Therefore LPR peak angle is bigger than Brewster angle theoretically. In addition, the scattering of rough surface changes the variation regular of emissivity with incident angle. Then the synthetic effects of e h and e v result in the decreasing of Brewster angle and the increasing of LPR peak angle.
In order to further study the influence of roughness on LPR, we take h or l as the independent variable to analyze the LPR changing regulations respectively. Due to the similar property, we only take soil as an example in this paper. We select a set of incident angles ½60 ; 65 ; 70 around the peak angle and choose a suitable scope of h and l in actual situations. Fig. 4 illustrates the theoretical LPR changing with correlation length at 94 GHz. For each curve of rough surface, LPR is increasing with the rising of correlation length. The horizontal line represents the LPR of smooth surface and it is the upper-bound line of different rough surfaces at the same incident angle. Fig. 5 illustrates the theoretical LPR changing with RMS height at 94 GHz. For each curve of rough surface, LPR is decreasing with the rising of RMS height. The horizontal line represents the LPR of smooth surface and it is also the upper-bound line of different rough surfaces at the same incident angle. In general, with the increasing of l and the decreasing of h, the surface is smoother. So, we can draw the conclusion that the surface is smoother, the LPR is larger. But all values are smaller than that of absolutely smooth surface. In order to determine the applicable scope of LPR classification technique to discriminate rough surfaces, the upper limit of surface roughness is discussed. According to the Ref. [7] , the selection range R p of LPR threshold is required that R p ½1; 3. So we regard that if the LPR value is less than 3, the LPR classification technique will be not available. As shown in Fig. 6 , for soil, if s 2 is higher than 0.3, LPR will be less than 3. Specific values of l and h can be calculated by the application scope function of KA. By this way, available ranges of other materials can be also obtained. 
Conclusion
The LPR classification technique has been presented recently and proved to be effective to distinguish between metals and dielectrics. For the rough surfaces of soil and concrete, we have investigated the influence of roughness parameters on LPR. The calculated results indicate that LPR decreases with the increasing of surface roughness. According to the LPR classification criterion, the upper limit of surface roughness has been obtained. This method can be available for other rough materials. Our work has the guidance meaning for the LPR classification technique, because the surface is usually rough in the practical applications. In the future, the imaging experiments will be carried out to analyse the performance of material classification in various rough surface scenes.
